One of the open questions in modern cosmology is the small scale crisis of the cold dark matter paradigm. Increasing attention has recently been devoted to self-interacting dark matter models as a possible answer. However, solving the so-called "missing satellites" problem requires in addition the presence of an extra relativistic particle (dubbed dark radiation) scattering with dark matter in the early universe. Here we investigate the impact of different theoretical models devising dark matter dark radiation interactions on large scale cosmological observables. We use cosmic microwave background data to put constraints on the dark radiation component and its coupling to dark matter. We find that the values of the coupling allowed by the data imply a cut-off scale of the halo mass function consistent with the one required to match the observations of satellites in the Milky Way.
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PACS numbers:
Introduction-The existence of a non-relativistic nonbaryonic component of the Universe, namely dark matter, is one of the building blocks of modern cosmology and astrophysics. Large scale observations have set cold dark matter as the dominant paradigm for the interpretation of cosmological and astrophysical data. The cold dark matter paradigm implies that the new non-relativistic particle is collisionless and interacts only through gravity.
However simulations of pure cold dark matter are at odds with observations at small scales: the satellites predicted by simulations are too many ("missing satellites" problem), with a cuspy profile ("cusp vs core" problem) and with a larger circular velocity, i.e., larger enclosed mass, ("too big to fail" problem) compared to the dwarf galaxies gravitationally bounded to the Milky Way.
Baryonic physics can mitigate some of these problems [46] , however hydrodynamical simulations show that baryons cannot fully solve all the problems at once [44] .
Self-interacting dark matter (SIDM) models [3, 12, 15, 17-19, 26, 36, 41, 48, 49] , supplementary to baryonic physics, provide a solution to the last two problems. Dark matter self-interactions arise from a secluded force, mediated by a new light boson. The Yukawa potential related to the hidden force induces a velocity dependent cross section: when the velocity dispersion is around the typical value of the relative velocity of dark matter particles in dwarf galaxies (v rel ∼ 10 km/s), the cross section shows a Sommerfeld-like enhancement. The scatterings flatten the inner density profile and dissipate energy outwards, making the internal structure of the simulated satellites consistent with the morphology of the dwarf galaxies observed in the Milky Way (see Ref. [50] for the first SIDM simulation).
The solution of the "missing satellites" problem requires the existence of a non-standard relativistic partner of dark matter, namely dark radiation [1, 20, 23, 28, 47] . The scattering between the relativistic dark radiation particle and the non-relativistic dark matter particle keeps the latter in thermal equilibrium until the kinetic decoupling, when the momentum transfer rate Γ falls below the expansion rate of the Universe H 1 . Perturbations on scales smaller than the scale entering the horizon at the time of kinetic decoupling cannot grow; therefore the matter power spectrum is suppressed on those small scales and the number of satellites is reduced.
The hypothesis of sterile neutrinos playing the role of the relativistic dark matter partner [7, 13, 16, 27, 29, 53] is of particular interest. Indeed, if sterile neutrinos are charged under the same new force, then the new dark sector can provide a comprehensive solution, not only to the small scale crisis of cold dark matter, but also of the tension between neutrino oscillation anomalies and cosmic microwave background (CMB) data [5] . Moreover, secluded sterile neutrinos [8, 24, 33, 43, 45] , mixing with the active neutrinos, can potentially be constrained at IceCube [9, 21, 22] .
This work is aimed at verifying if cosmology is sensitive to the microphysics behind the phenomenological model and if the CMB constraints on the coupling constant are consistent with the astrophysical requirements to solve the small scale crisis.
Methodology-We have modified the Boltzmann solver class 2 [14, 37, 39] to include the very flexible ETHOS [26] parametrization of dark radiation-dark matter interactions. Compared to the implementation 1 Since H is proportional to T 2 during radiation domination, dark radiation and dark matter decouple if Γ ∝ T n with n ≥ 2, otherwise they would re-couple. 2 http://class-code.net of ETHOS in CAMB [40] that has been released by the authors of Ref. [26] , we added the dark radiation self-interaction term that was derived analytically in Ref. [26] . The parameter space is the standard ΛCDM, plus five additional parameters {α, ξ, m DM , α , β } that encode the whole information about the interaction: α is the amplitude of the scattering rate, ξ = T DR /T γ is related to the amount of dark radiation, m DM is the dark matter mass, α and β are coefficients depending on the angular dependence of the scattering rate, all defined in the Appendix. We focus on a specific case of 3-particle interaction (i.e. fermionic dark matter + fermionic dark radiation + mediator), which leads to a comoving scattering rate ∝ T 4 . Note that there exist alternative dark sector set-ups not covered by the present analysis, like e.g. the models discussed in Ref. [20, 38] that lead to a scattering rate ∝ T 2 . Finally, notice that the code treats dark radiation as a relativistic massless component. Therefore, for the time being, the analogy with eV sterile neutrinos has to be taken with some grain of salt.
Impact on cosmological observables-Before investigating the cosmological bounds on the strength of the interaction, let us review the effects of dark radiation dark matter interactions on the cosmological observables at large scales. Figure 1 shows the residuals of various interacting models based on different microphysics with respect to a ΛCDM model with an equivalent number of extra neutrinos (ΛCDM+∆N eff , for the definition of ∆N eff , Eq. 12 in the Appendix), to get rid of background effects 3 . The spectrum of the baseline interacting model (black thick solid line) is less suppressed wrt ΛCDM than the ΛCDM+∆N eff spectrum on small scales. These scales enter the horizon while dark matter and dark radiation are still coupled, i.e. the extra ∆N eff is not free-streaming. In the absence of additional anisotropic stress, the gravitational source term of the photon oscillations is not affected by the presence of extra radiation and the suppression is alleviated. If the onset of dark radiation free-streaming is delayed after the time when all the scales contributing to CMB primary anisotropies have crossed the horizon, then a second effect is also visible and it amounts to a phase shift wrt ΛCDM+∆N eff (α = 5 × 10 10 Mpc −1 , green thin solid line). Extra relativistic neutrinos induce a phase shift because they freestream before photon decoupling. Thus, neutrino perturbations are supersonic in the photon fluid and can generate metric perturbations outside the sound horizon. An additional dark radiation component with a late free-streaming would not induce the same phase-shift. A third effect is induced by dark matter and dark radiation forming one single tightly coupled fluid, so that dark matter is not pressureless anymore and its perturbations develop a fast mode [51, 52] . As a consequence, dark matter clusters less and, through gravitational interaction, this refelects into a suppression of the clustering of the baryon-photon fluid too. The latter effect is clearly visible in the troughs at ∼ 750, 1400, 2000 for α = 5 × 10 10 Mpc −1 (green thin solid line): the troughs are located in correspondence of the odd peaks that reflect the compression phases and that are more suppressed in this scenario. Finally, dark radiation can be described as a perfect fluid, by truncating the Boltzmann hierarchy at = 2, and setting the anisotropic stress σ DR to zero (Eq. 5 in the Appendix). In this case (red dashed line), the dark monopole and the dipole are prevented from transferring power to the higher order momenta. Thus, neutrinos remain more clustered and enhance also the photon perturbations through gravitational coupling. This boosts the temperature spectrum on most causal scales. Therefore, even if the interaction is confined to the dark radiation component and does not affect Standard Model particles, the free-streaming nature of the new relativistic component is relevant, and has to be carefully considered in model building. The matter power spectrum depicted in figure 2 reflects the fact that dark matter perturbations cannot grow as long as dark matter is coupled to dark radiation. As a consequence, the scales entering the horizon before kinetic decoupling are exponentially damped, as in the case of warm dark matter [35, 42] . The difference compared to warm dark matter is that the interactions also leave an imprint on the matter power spectrum through acoustic oscillations of the dark plasma [25] . For smaller values of the coupling, the spectrum start deviating from ΛCDM+∆N eff at smaller scales (green solid line). However, the deviations are always located at nonlinear scales.
Concerning the microphysics of the specific particle physics models behind our phenomenological parameterization, we notice that the nature of the mediator (vector α = 3/2 or scalar α = 3/4, Eq. 5 in the Appendix) does not have any significant impact (cyan dot-dashed line). Therefore, the constraints can be extended to particle physics models with different mediators [13] . Moreover, removing dark radiation self-interactions (yellow solid line), which amounts in setting β to zero (Eq. 5 in the Appendix), does not lead to an observable deviation both in the CMB temperature anisotropies and in the matter power spectrum up to the first oscillation. Thus, dark radiation self-interactions can be neglected. Finally, decreasing m DM from 100 GeV to 1 GeV does not have a significant impact (magenta dotted line). The reason is that in our parameterization the dark matter mass enters explicitly only in the expression for the dark matter sound speed c 2 DM (Eq. 8 in the Appendix), which is much smaller than the one of the tightly coupled DM-DR fluid, and has a minor impact on dark matter perturbations.
Results-Given the considerations drawn in the previous paragraph, we have sampled only the ΛCDM+{α, ξ} (m DM = 100 GeV) parameter space, with a logarithmic prior on α in the range [−3, 14] . For too large values of α, the cut-off in the power spectrum and the kinetic decoupling temperature are expected to be in conflict with Lyman-α data and galaxy formation. We do not study these bounds in the present paper and leave this study for future work. However this motivates the fact that we do not consider larger values of α in the present CMB analysis.
Our pipeline is based on MultiNest [30] [31] [32] in combination with MontePython 4 [10] , and interfaced with our modified version of class. We use Planck 2015 polarization and temperature data (dubbed Planck low-P + high-TTTEEE [2]). We have checked the conclusions that we have drawn above about the dark matter mass and about the nature of the mediator, do not affect the cosmological bounds on {α, ξ}. We obtain ξ < 0.48 and ξ < 0.44 at 95% c.l. for the imperfect fluid and the perfect fluid, respectively. Translated into an equivalent neutrino number these values correspond to ∆N eff < 0.205 (imperfect fluid) and ∆N eff < 0.144 (perfect fluid) at 95% c.l.. Connection with the small scale crisis-The constraints on α and ξ can be converted into constraints on the kinetic decoupling temperature T kd of the dark sector: (1)
The kinetic decoupling temperature is then related to the minimal mass of sub-structures that can form in a galaxy
If M cut is above 10 9 M (i.e., T kd < ∼ 0.6ξ kd keV), the "missing satellite" problem is alleviated. Figure 4 shows the one and two σ marginalized constraints in the plane (α, ξ), with the points coloured according to the values of M cut . We can see that the parameter space allowed by CMB data is consistent with M cut > 10 9 M 5 . Assuming dark matter thermal freeze-out and g DR = g DM , we can derive the value of the mediator mass for each point in parameter space, with the highest probabilty region corresponding to 0.1 MeV ≤ m φ ≤ 10 MeV. Finally, we find that the Bayes factor, i.e. the ratio of the bayesian evidence between the interaction model and the pure ΛCDM model, is 1, as expected from the behaviour of the one dimensional posterior of α (Figure 3) , which is flat over many orders of magnitude (α = 0.001 − 10 8 ). Discussion-We have studied the impact of a 3-particle interaction (fermionic dark matter + fermionic dark radiation + mediator) on large scale cosmological observables, namely the CMB temperature power spectrum and the matter power spectrum. To this aim we have implemented a phenomenological description of the aforementioned scenario in class, following the ETHOS parameterization of Ref. [26] .
We find that variations of the theoretical model, concerning, e.g., the dark matter mass, the vector or scalar nature of the mediator, and the presence of dark radiation self-interactions, have little or no impact on the cosmological observables. Whether dark radiation behaves as a perfect fluid with no anisotropic stress or resembles additional free-streaming neutrinos does not affect the cut-off scale in the matter power spectrum. However, for a given value of the amplitude of the scattering rate, a dark fluid shows a deviation wrt ΛCDM+∆N eff larger than a neutrino-like dark radiation.
We have performed a MultiNest Markov Chain Monte Carlo run, fitting the interaction model to the Planck CMB temperature and polarization data. The region in parameter space corresponding to a cut-off mass in the range desirable for mitigating the "missing satellite" problem is allowed by CMB data, with a bayesian evidence consistent with the one of a pure ΛCDM model. In conclusion, this interaction model can induce a small scale cut-off in the halo mass function, without diminishing the goodness of fit to large scale CMB data.
Finally, the parameter space allowed by CMB can be restricted by including information on clustering at nonlinear scales. In particular, Lyman-alpha data might pin down the temperature of kinetic decoupling. However, notice that semi-analytical non-linear corrections (e.g. halofit) derived from N-body simulations of collisionless cold dark matter cannot be used in this context. 
